Our understanding of metal-atom cluster adsorption on graphene on Ir(111) is based on elementary chemical ideas, rehybridization, and buckling, supported by density functional theory (DFT) calculations. We tested the DFT picture by comparing calculated core level spectra to x-ray photoemission spectroscopy (XPS) measurements. For pristine graphene, which forms a gently undulating moiré on Ir(111), DFT predicts a 140 meV modulation of C 1s core level shifts (CLS), consistent with the measured spectrum. With Pt clusters adsorbed, measured Pt 4f CLS of the adsorbed clusters also support the calculations. The modulation of the C 1s spectrum is strengthened with clusters adsorbed, and C-atom ionization potentials under and in the vicinity of the Pt clusters are shifted enough to be experimentally distinguished as a broad shoulder of positive C 1s CLSs. Furthermore, DFT calculations imply that sp 2 to sp 3 graphene rehybridization of C atoms below the Pt cluster induces a 1.1 eV CLS splitting between Pt-and Ir-bonded C atoms; this prediction is also consistent with the XPS data.
I. INTRODUCTION
Graphene moirés on close-packed noble metal surfaces have become popular substrates for patterned growth of metal clusters and patterned adsorption of gas atoms and organic molecules. Examples include Pt and other metal clusters on the graphene/Ru(0001) moiré, [1] [2] [3] Ni clusters on the graphene/Rh(111) moiré, 4 and a variety of metallic and bimetallic clusters 5, 6 of hydrogen 7, 8 and of organic molecules on graphene/Ir(111). 9 Of these, graphene/Ir(111) induces adcluster arrays whose exceptional order and narrow size distribution makes them particularly attractive laboratories for fundamental studies of nanomagnetism and catalysis.
Unavoidably, the first step toward exploiting this opportunity is to understand the physical chemistry underlying graphene moiré templating-and an appealing interpretation of it has emerged from density functional theory (DFT) calculations for the graphene/Ir(111) moiré. The idea is that beneath and in the vicinity of adsorbed metal clusters, 10 ,11 the carbon layer rehybridizes from the sp 2 bonding characteristic of graphene to diamondlike sp 3 . The sp 3 hybridized carbon atoms then bind with their fourth bond normal to the average carbon plane alternately to substrate Ir atoms directly below or metal atoms directly above. Because such rehybridization is only energetically profitable where there are substrate atoms directly below C atoms, this concept provides a natural explanation for cluster binding only in particular regions of the moiré unit cell. It also lays the groundwork for an important structural test: Specifically, in the DFT calculations the chemical bonds that form between carbon and metal atoms significantly reduce the C atom height above the Ir surface plane from ≈3.4Å to ≈2.1Å. Based on DFT calculations, a similar scenario has been proposed for patterned hydrogen adsorption on the graphene/Ir(111) moiré. 7, 8 Despite its plausibility, there is as yet no experimental evidence for the rehybridization picture beyond agreement of the experimentally determined binding site preference of the metal clusters with what DFT calculations predict. A way to proceed is suggested by previous investigations of the binding of graphene to different metals 12, 13 and of how differently sized graphene flakes bind to the Ir(111) substrate. 14 In particular, we have acquired x-ray photoelectron spectroscopy (XPS) C 1s core level shifts for graphene/Ir(111) carbon atoms with and without adsorbed clusters present, and herein we compare them to calculated shifts based on the rehybridization picture. This is an indispensable test of DFT's predictive capability not just for graphene on a metal and for static metal cluster arrays, but for more complex situations involving chemistry upon them. Such a test appears all the more necessary as recently the DFT interpretation of the corrugation within the moiré unit cell of graphene on Ir(111) was challenged in a report of new atomic force microscopy measurements. 15 The manuscript is organized as follows: In Sec. II, we report the details of our experimental and calculation methods. In Sec. III, to set a standard for agreement between DFT theory and XPS data, we compare measured and calculated C 1s CLS of graphene on Ir(111) without adclusters. The effects of cluster adsorption are the subject of Secs. IV and V, wherein we analyze our experimental and calculated results for the C 1s CLS of graphene with Pt adsorbed and for the Pt 4f 7/2 CLS of the adsorbed clusters themselves.
II. METHODS OF EXPERIMENT AND CALCULATION
XPS experiments were conducted at Beamline I311 16 at the MAX IV Laboratory in Lund, Sweden. All spectra were collected in normal emission with an angular acceptance angle of ±6
• . For C 1s and Pt 4f , we used photon energies of 390 and 190 eV, respectively. The spectra are normalized to the background, and core binding energies, defined to have positive values, are referenced to the Fermi edge. Accordingly, a positive core level shift (CLS) corresponds to a binding energy increase.
The Ir(111) crystal was cleaned by cycles of sputtering at room temperature and oxygen treatment at 1200 K followed by a short flash to 1400 K. A graphene layer was grown on Ir(111) by thermal decomposition of room-temperature adsorbed ethylene at 1420 K followed by 20 min ethylene exposure at 1120 to 1170 K at a pressure of 1 × 10 −7 mbar. 17 We emphasize that this method and the use of sufficiently high temperatures for ethylene decomposition and graphene growth guarantee an entirely closed single layer, single orientation graphene film with an angular scatter ϕ ≈ 0.25
• . Consequently, the film displays no graphene edge atoms and only a marginal concentration of point defects, which accommodate the small tilts. The quality of the graphene film was checked with low-energy electron diffraction (LEED), and the absence of CO adsorption at room temperature confirmed the full coverage of Ir(111) with graphene. Pt deposition was done with an e-beam evaporator calibrated on clean Ir(111) using the Ir 4f surface peak, which vanishes at 1 monolayer (ML) coverage. The XPS calibration was directly confirmed in Cologne with scanning tunneling microscopy (STM) by measuring the area of monolayer Pt islands grown on Ir(111) using the same evaporator at an identical distance. With an uncertainty of 10%, the two calibrations agreed. The STM data shown were also obtained in Cologne using the same sample preparation as for the XPS experiments.
Calculated core-level shifts reported herein were obtained in the fully screened hole approximation, in which the total energy of the system plus core hole is computed by setting the core potential of the ionized atom to that of the same atom with the appropriate core electron missing. Total energies were evaluated using the VASP DFT code, 18, 19 with a local-density approximation (LDA) functional, based on the CeperleyAlder local density functional, 20 as parametrized by, 21 in the projector augmented wave (PAW) approximation. 22, 23 The LDA functional was chosen for the present work since it describes the binding of Ir islands on graphene better than the Perdew-Wang 1991 generalized gradient approximation (PW91-GGA) functional. 10 As in [Ref. 10] , we modeled graphene/Ir(111) as a 10 × 10 graphene adlayer on the upper surface of a 9 × 9, four-layer, Ir(111) crystalline slab. This is a very good approximation to the experimentally observed incommensurate 10.3 × 10.3 graphene layer on a 9.3 × 9.3 substrate mesh. In structural optimizations, with and without overlying Pt islands, the atoms of the bottom Ir layer were fixed in a (111) bulk, crystal plane, with an Ir-Ir nearest-neighbor distance equal to 2.701Å, which is the theoretical optimum. Positions of all remaining atoms were relaxed until none experienced a force of magnitude >45 meV/Å. We accelerated electronic relaxation using Methfessel-Paxton Fermi-level smearing (width = 0.2 eV) 24 and corrected for the unphysical contact potential difference associated with having a graphene adlayer on only one side of the Ir slab. 25 We used a 400 eV plane-wave basis cutoff and a 3 × 3 surface Brillouin zone sample for the sake of good accuracy.
III. TEST CASE: CORE LEVEL SPECTRUM OF PRISTINE GRAPHENE ON Ir(111)
Figure 1 structure formed by the carbon atoms and the moiré's different high-symmetry domains are visible. The latter are labeled TOP, HCP, or FCC according to the position of the center of the carbon rings. 5 A ball model of the DFT optimized structure in Fig. 1(b) shows the geometry of the high-symmetry domains and the undulation of the graphene. C atoms in TOP domains reside 3.85Å above the Ir surface, whereas those in HCP and FCC domains lie about 0.6Å lower. The C atoms are grouped in Fig. 1(b) according to their height and binding geometry.
Those in threefold hollow sites are labeled by and , those in bridge sites by , and those in atop sites by • and .
To understand how the graphene-Ir(111) distance and the local geometry of C atoms affect the C 1s core level, we calculated the CLS of the 200 C atoms in the moiré unit cell using the core ionization potential of a C atom in an isolated graphene layer as a reference. The results are shown in Fig. 1(c) using the same colored symbols as in Fig. 1(b) to distinguish atoms at different heights and adsorption sites. Comparing C atoms in threefold hollow [ and in Figs. 1(b) and 1(c)] or bridge sites [ in Figs. 1(b) and 1(c) ] it is clear that there is an approximate linear correlation between the graphene-Ir(111) distance and the C 1s core level binding energy, which is lower for atoms farther from the substrate. Core shifts estimated in the initial-state approximation, 26 which are the main contributions to the numbers we calculated, offer insight into the sign of this effect. The key idea is that CLSs are more negative on atoms that gain electronic charge and more positive on those that lose it. Thus, the CLSs on C atoms farther from the metal imply that they are somewhat negatively charged, while the atoms that lie lowest are positive. This charge redistribution is consistent with an electrostatic interaction between the mobile electrons of the graphene and the electron spillout charge of the underlying metal. That is, the positive charge of the low-lying moiré regions is favorable by virtue of attraction to the metal's spillout electrons. Equally, the negative charge of the high-lying regions is favorable by virtue of repulsion from them.
Similarly to C atoms in threefold or bridge sites, we observe an approximately linear height to binding-energy (BE) correlation for C atoms positioned atop Ir atoms and marked with • and in Figs. 1(b) and 1(c). The slope, however, is a factor of four steeper for C atoms atop Ir (−0.45 eV/Å) compared to atoms in threefold or bridge sites (−0.11 eV/Å), consistent with a stronger interaction between C atoms' π orbitals and the d 3z 2 −r 2 orbitals of the underlying Ir atoms for atop-positioned C atoms. This interaction seems a likely candidate for an explanation of why it is the HCP and FCC regions of the graphene film that lie low and not the TOP region. In the former, weak hybridization effects pull C atoms directly above Ir atoms toward the metal. In the TOP region, there are no C atoms directly above Ir atoms. 27, 28 Figure 1(d) shows the experimental C 1s spectrum obtained on pristine graphene/Ir(111). We observe a single C 1s peak at 284.09 eV with an experimental full width at half maximum (FWHM) of 0.25 eV. The experimental C 1s spectrum was fit with 200 peaks with identical intensity and C 1s CLSs according to our DFT calculations. Both the Gaussian and Lorentzian full width at half maximum (GFWHM and LFWHM, respectively) were constrained to one common fitting parameter for all 200 peaks during the fitting procedure. The result was a GFWHM and LFWHM of 0.15 and 0.12 eV, respectively. As shown by the gray curve in Fig. 1(d) , the superposition of the 200 peaks is an excellent approximation to the experimental spectrum and the LFWHM is, furthermore, in good agreement with studies on HOPG. 29 To illustrate how atoms in different domains and adsorption sites contribute to the experimental spectrum, the C 1s sum spectrum of each of the five sets of atoms shown in Figs. 1(b) and 1(c) is included in Fig. 1(d) . • about the surface normal, dispersion, such as was attributed in [Ref. 30] to formation of C 1s bands, cannot have contributed to the broadening of our C 1s XPS feature.
IV. C 1s CORE LEVEL SHIFTS OF GRAPHENE ON Ir(111) WITH Pt ADCLUSTERS
Satisfied that DFT calculations provide a faithful description of the C 1s spectrum of pristine graphene/Ir(111), we now wish to use them to test the rehybridization model of metal cluster array binding on the graphene. To that end, Fig. 2(a) shows an STM image obtained after roomtemperature deposition of 0.18 ML Pt. The large majority of Pt clusters in the figure are one layer high, although a few bright two-layer islands are also apparent. All clusters are adsorbed in HCP domains, with the following occupation numbers: one-layered clusters (80 ± 2%), two-layered clusters (12 ± 2%), three-layered clusters (2 ± 1%), and empty cells (5 ± 1%). As, on average, 94% of the moiré unit cells contain a cluster, and each unit cell contains 87 Ir atoms, 5 the average Pt island is comprised of 17 atoms. Given an approximate Poisson size distribution, 5 clusters of size 15 to 19 atoms are all very similar in probability, ranging from 8.6 to 9.6%. Thus, to limit computational effort, we conducted DFT calculations for planar, highly symmetric, magic Pt19 clusters. As for Ir clusters supported by graphene, 10 our calculations imply that the Pt19 clusters are stabilized in HCP domains with the Pt atoms positioned atop C atoms. The optimized Pt19/graphene/Ir(111) structure is shown in Fig. 2(b) . Comparison of the side view of pristine graphene in Fig. 1(b) and of graphene supporting Pt19 clusters in Fig. 2(b) shows that C atoms below and in the vicinity of the Pt19 cluster displace closer to the Ir(111) surface, while C atoms in TOP domains moved slightly away from the Ir surface (3.98Å). Based on the observed height-BE correlation established for pristine graphene we expect a CLS to higher binding energies for the C atoms that have moved closer to the Ir(111) surface upon Pt deposition. The DFT-calculated C 1s CLS for the C atoms in the Pt19/graphene/Ir(111) structure, shown in Fig. 2(c) , confirm the expected positive CLS below and in the vicinity of the Pt19 cluster.
In more detail we find that the C atoms surrounding the Ptcluster [• in Fig. 2 . The shift is given relative to a C atom in isolated graphene. The black dots are the data of pristine graphene as in Fig. 1(c) . (d) Experimental C 1s spectrum before (black dots) and after (blue dots) deposition of 0.18 ML Pt. The curves marked with ( ), ( ), and (•) symbols are the DFT calculated components corresponding to Pt-bonded C atoms, Ir-bonded C atoms, and C atoms close to the Pt19 cluster, respectively. The light gray and light green curves are the DFT calculated C 1s component of atoms far away from and close to the Pt cluster, respectively. (e) Comparison of the experimental C 1s spectrum after deposition of 0.18 ML Pt and the overall DFT simulated spectrum shifted +0.1 eV and corrected for attenuation of the photoelectrons (see text).
[see the small schematic in Fig. 2(c) ]. Based on the DFT calculations, the Pt clusters' effect on the C 1s CLS is therefore twofold: (i) The polarization of charge, toward the Ir substrate as C-Ir bonds form, increases the average C 1s CLS. (ii) The sp 2 → sp 3 rehybridization induces a transfer of electrons from Pt-bonded C atoms to Ir-bonded C atoms.
Toward confirming that our Pt19 model and the sp 2 → sp 3 rehybridization are faithful to nature, let us compare the DFT and measured C 1s spectra after deposition of 0.18 ML Pt in Fig. 2(d) . Relative to the C 1s spectrum of pristine graphene, shown with black dots, Pt deposition shifts the main peak by +0.06 eV (blue dots), while a broad shoulder develops at high binding energies. Comparing with Figs. 2(b) and 2(c), we identify the shoulder with three groups of C atoms: immediate neighbors of Pt atoms ( ), contributing CLS in a width of 0.24 eV, immediate neighbors of Ir atoms ( ), with CLS covering 0.10 eV, and C atoms bordering the Pt island (•), with CLS ranging over 1.04 eV. Using the peak shape from pristine graphene and the C 1s CLS from DFT we calculated the C 1s peak originating from each of the 200 C atoms in a graphene unit cell supporting a Pt19 cluster. Furthermore, we used these calculated C 1s peaks as input to calculate the shape of the 3 components assigned to the experimental shoulder. As Fig. 2(d) shows, the addition of these three components ( , , •) results in a broad shoulder largely matching the experimental one in width. Still, the overall intensity of the simulated shoulder is too high, particularly the component with the highest binding energies, from C atoms directly bound to Pt cluster atoms [marked in Figs. 2(b)-2(d) and component shaded black in Fig. 2(d) ]. The overestimate of the overall intensity of the shoulder in the calculated spectrum is a likely consequence of the attenuation of the photoelectron signal originating from C atoms below the Pt19 clusters. In fact, attenuation of the calculated shoulder components by 40%-the attenuation of one layer of Pt in the Pt(111) surface at E kin = 390 eV − 284 eV = 106 eV-brings the overall intensity to reasonable match with experiment [see below and Fig. 2(e) ]. Furthermore, we find that the area of the experimental shoulder is increased by a factor of 1.3 when the C 1s spectrum is acquired with hν = 390 eV compared to spectra taken with hν = 350 eV and hν = 450 eV, indicating that diffraction effects are important for the shoulder area at low kinetic energy of the photoelectrons. The area of the shoulder component is, however, increased again when the C 1s spectrum is measured with hν = 500 eV and hν = 600 eV. At high kinetic energy of the photoelectron, attenuation and diffraction effects will be less important and we are, therefore, unable to explain the overweighting of the high-binding-energy shoulder ["discrepancy (A)" in what follows].
Addition of the remaining calculated components ( , ×, ) results in a negative shift for the main peak upon cluster adsorption, as the gray curve in Fig. 2(d) demonstrates. This calculated negative shift of the main component contradicts its experimentally observed positive shift by 0.06 eV ["discrepancy (B)" in the following discussion].
Although calculations and experiment agree on the formation of a high-energy binding-energy shoulder in the C 1s CLS upon cluster adsorption, the sources of discrepancies (A) and (B) are, given current knowledge, a matter of speculation. For example, a minute difference between actual and calculated doping might account for discrepancy (B). Such a difference could result from neglect of the cluster size distribution in our calculations. Indeed, it was recently observed in photoemission spectroscopy that Ir cluster adsorption on graphene on Ir(111) shifts graphene's π conduction band. 31 By hand, on that basis, we shifted all theoretical peaks by +0.1 eV and additionally scaled down the shoulder components by 40% to account for photoelectron attenuation by the Pt19 clusters. The resulting spectrum, shaded orange in Fig. 2(e) , is a reasonable match to the experimental one. Nonetheless, discrepancy (A) remains.
According to the correlation we have established between C-atom height and C 1s binding energy, excess weight theoretically attributed to the highest binding energy peak [discrepancy (B)] means that in the region between the Pt islands, the graphene sheet lies too close to the underlying Ir substrate. Given the tendency of the LDA to overbind, it is easy to imagine that a more faithful density functional would mitigate this problem. Still, for graphene/Ir(111) with no island present, the predicted C 1s spectrum agrees well with experiment (cf. Fig. 1 ). Thus, a geometric solution of discrepancy (B) is not straightforward, and the answer may lie entirely elsewhere.
V. Pt 4 f CORE LEVEL SHIFTS OF Pt CLUSTERS ADSORBED ON GRAPHENE/Ir(111)
For separate confirmation that our Pt19 model and the sp 2 → sp 3 rehybridization describe the experimentally observed situation correctly, we compared the DFT-calculated CLS of Pt 4f with the experimental spectrum. Figure 3(a) shows the calculated Pt 4f 7/2 CLS of the 19 Pt atoms in the cluster using the CLS of a Pt bulk atom as reference with a known BE of 70.9 eV. 32 Our calculations show that the Pt atoms at the perimeter of the cluster have Pt 4f 7/2 CLS of −0.1 to −0.2 eV relative to bulk Pt, while the six atoms surrounding the central atom have an additional shift of ∼0.4 eV and the central Pt atom has an additional shift of ∼ 0.8 eV.
To understand the significance of these CLSs, in a first experiment we have grown 0.5 ML Pt at 580 K directly on Ir(111). At this coverage and temperature Pt forms monolayer islands with the large majority of the Pt atoms six-fold coordinated to Pt and three -fold coordinated to the Ir(111) substrate. 6 Figure 3( Fig. 3(c) shows the result of the curve fitting. It is apparent that the experimental broadening of the Pt 4f peaks is well reproduced by the DFT calculated CLS. Also, the absolute DFT-calculated binding energy positions of the Pt 4f components match excellently with the experimental spectrum. The only discrepancy between the experimental Pt 4f spectrum and the fit is that the overall width of Pt 4f peaks in the fit is slightly too small. If the GFWHM is increased from 0.29 to 0.6 eV during the fitting procedure the fit reproduces the experimental curve almost perfectly. An increased GFWHM could be the result of less symmetric clusters, the experimental cluster size distribution, and a larger vibrational broadening of Pt/graphene than on Pt/Ir(111).
VI. CONCLUSIONS
In summary, we have demonstrated a linear correlation between C-atom height and 1s binding energy in a graphene adlayer on Ir(111), reflecting an electron charge redistribution consistent with the adlayer's undulation geometry. Upon deposition of 0.18 ML Pt we observed by STM wellordered, single-layer clusters in the graphene HCP domains. The corresponding changes in XPS spectra submitted to an interpretation based on DFT modeling of the clusters as highly symmetric, flat, and comprised of 19 Pt atoms. Specifically, a broad C 1s shoulder develops upon Pt deposition and, using DFT-calculated CLS, we showed that this shoulder must be assigned to C atoms under and in the vicinity of the Pt cluster. More detailed calculations revealed that the sp 2 → sp 3 rehybridization further broadens the shoulder because of electron transfer from Pt-bonded C atoms to Ir-bonded C atoms. However, the calculations imply a larger weight of the highest binding energy component and a slight positive shift of the main component of the C 1s CLS relative to experimental observation. Of considerable interest would be to learn whether these discrepancies are attributable to limitations of our physical model (i.e., assuming clusters of just one size and shape) or to systematic error in our DFT implementation. Lastly, we compared measured and calculated Pt 4f 7/2 CLSs and found an excellent agreement, offering a solid starting point for future gas-adsorption studies. In particular, the CLS of the edge atoms of the Pt19 clusters are shifted −0.4 eV with respect to terrace atoms affording the opportunity to distinguish step-and terrace-site adsorption. 
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